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PREFACE 
One of  t h e  main r e s e a r c h  l i n e s  o f  t h e  IIASA Energy Program 
i s  t h e  a n a l y s i s  of t h e  long  t e r m  consequences of  t h e  u s e  o f  
energy.  
F o s s i l  energy l e a d s  t o  t h e  r e l e a s e  of ve ry  l a r g e  amounts o f  
C 0 2  i n t o  t h e  atmosphere which due t o  s luggy  k i n e t i c s  t a k e  a ve ry  
long  t i m e  u n t i l  t hey  a r e  e v e n t u a l l y  d i g e s t e d  i n  t h e  f i n a l  s i n k  
o f  t h e  deep  ocean. A s  a consequence, C02 accumulates  i n  t h e  
atmosphere,  and by a l t e r i n g  t h e  i n f r a r e d  d i f f u s i o n  it may pro- 
voke impor tan t  changes i n  t h e  e a r t h ' s  c l i m a t i c  and r a i n  p a t t e r n s .  
I n  o u r  s t udy  w e  t a k e  a p o s i t i v e  a t t i t u d e  toward t h e  problem 
i n  t h a t  w e  look i f  it can  be so lved  o r  reduced by t a k i n g  p roper  
measures i n  t h e  way of  burning f o s s i l  f u e l s .  
Th i s  i s  done i n  t h e  s p i r i t  o f  geoengineer ing ,  which i s  a 
k ind  of  "system s y n t h e s i s "  where s o l u t i o n s  t o  g l o b a l  problems 
a r e  a t t empted  from a g l o b a l  view. 

ABSTRACT 
The problem of C02 c o n t r o l  i n  t h e  atmosphere i s  t a c k l e d  
by p ropos ing  a  k ind  of  " f u e l  c y c l e "  f o r  f o s s i l  f u e l s  where C 0 2  
i s  p a r t i a l l y  o r  t o t a l l y  c o l l e c t e d  a t  c e r t a i n  t r a n s f o r m a t i o n  
p o i n t s  and p r o p e r l y  d i sposed  o f .  
C02  i s  d i sp o sed  of by i n j e c t i o n  i n t o  p roper  s i n k i n g  
the rmoha l ine  c u r r e n t s  t h a t  c a r r y  and spread  it i n t o  t h e  deep  
ocean t h a t  h a s  a  v e r y  l a r g e  e q u i l i b r i u m  c a p a c i t y .  
The Medi ter ranean unde rcu r r en t  e n t e r i n g  t h e  A t l a n t i c  a t  
G i b r a l t a r  h a s  been i d e n t i f i e d  a s  one such c u r r e n t ;  it would 
have s u f f i c i e n t  c a p a c i t y  t o  d e a l  w i t h  a l l  C02 produced i n  
Europe even i n  t h e  y ea r  2100. 

ON GEOENGINEERING AND THE C02 PROBLEM 
INTRODUCTION 
The problem of  c l i m a t o l o g i c a l  e f f e c t s  of CO2 has  r e c e n t l y  
a t t r a c t e d  much a t t e n t i o n ,  b u t  t h e  r e l a t e d  q u e s t i o n  o f  how much 
f o s s i l  f u e l  w e  can s t i l l  burn w i thou t  burning ou r  f i n g e r s  i s  
y e t  open. I t  may t u r n  o u t  t h a t  burn ing  f o s s i l s  "3 gogo" w i l l  
have no r e a l l y  impor tan t  consequences a t  l e a s t  f o r  ou r  g e n e r a t i o n ;  
y e t  r e p o r t s  on t h e  s u b j e c t  fo l lowing  t h e  s p i r i t  o f  t h e  t i m e  per -  
haps ,  t end  t o  b e  more and more p e s s i m i s t i c .  
The f i r s t  o r d e r  e f f e c t s  a r e  t hough t  t o  be  caused  by t h e  
i n t e n s e  a b s o r p t i o n  bands of  t h i s  g a s  i n  t h e  i n f r a r e d  window of  
t h e  atmosphere,  i . e .  i n  t h e  r eg ion  between approximate ly  8p and 
1 .  C a l c u l a t i o n s  show t h a t  t h e  i s o t r o p i c  s c a t t e r i n g  and ab- 
so rp t ion- re -emiss ion  of  i n f r a r e d  r a d i a t i o n  by C02 molecu les  i n  
t h e  atmosphere reduce  t h e  d i f f u s i v e n e s s  of  i n f r a r e d  r a d i a t i o n ,  
consequen t ly  producing a  so - ca l l ed  greenhouse e f f e c t .  
A s  wate r  is competing w i t h  C 0 2  i n  t h e  same window, t h e  
e f f e c t  w i l l  be  l a r g e r  where wa te r  c o n c e n t r a t i o n  i s  l owes t ;  
t h i s  i s  s o  i n  t h e  a n t i c y c l o n i c  a r e a s  ove r  t h e  d e s e r t s ,  f o r  
example, and e s p e c i a l l y  over  t h e  p o l e s  where due. t o  t h e  v e r y  low 
t empe ra tu r e s  t h e  water  c o n t e n t  i s  a t  a  minimum. T h i s  c an  pro-  
duce a second o r d e r  e f f e c t ,  namely a decreased  h o r i z o n t a l  l a p s e  
r a t e  between t h e  p o l e s  and t h e  e q u a t o r ,  which would d i r e c t l y  
i n f l u e n c e  t h e  c i r c u l a t i o n  ce l ls  and t h e  p r e c i p i t a t i o n  regime. 
A t h i r d  o r d e r  e f f e c t  may come from t h e  i n c r e a s e d  photo- 
s y n t h e t i c  r a t e  of  p l a n t s  f o r  which a tmospher ic  C 0 2  t e n d s  
t o  be a l i m i t i n g  f a c t o r .  T h i s  i n c r e a s e  may induce  a h i g h e r  
l e v e l  o f  p l a n t  coverage ,  t h u s  t e n d e n t i a l l y  d e c r e a s i n g  t h e  e a r t h ' s  
a lbedo  and consequen t ly  working i n  much t h e  same way a s  t h e  
greenhouse e f f e c t  b u t  w i t h  a concen t r a t ed  i n f l u e n c e  upon 
t empera te  and w e t  t r o p i c a l  zones.  
An i n c r e a s e  i n  t empera tu re  i n  t h e  p o l a r  r e g i o n s  would 
b r i n g  abou t  a  s i m i l a r  p o s i t i v e  feedback a s  it would induce  a  
r e d u c t i o n  i n  t h e  snow cover  and f l o a t i n g  i c e  coverage ,  t h u s  
reduc ing  t h e  a lbedo  and i n c r e a s i n g  t h e  energy i n p u t .  
These e f f e c t s  have been analyzed mainly a t  t h e  l e v e l  of  
t o t a l  energy  ba l ance ,  w i t h  some a t t e m p t s  a t  q u a n t i f y i n g  l a t i t u -  
d i n a l  e f f e c t s ,  b u t  t o  my knowledge t h e r e  has  been none t o  i n t r o -  
duce  t h e  a lbedo -vege t a t i on  feedback.  For t h e s e  r e a s o n s ,  and 
t h e  s t i l l  rud imenta ry  s t a t e  of  t h e  models,  t h e  r e s u l t s  g iven  i n  
t h e  l i t e r a t u r e  should  be  t aken  a t  t h e i r  f a c e  v a l u e  when w e  t r y  t o  
d e r i v e  g e n e r a l  consequences from them. The p e r s o n a l  op in ion  
of peop le  working i n  t h e  a r e a ,  however, i s  t h a t  a  r e f i nemen t  
of t h e s e  r e s u l t s  w i l l  probab ly  f o r c e  u s  t o  draw a  b l e a k e r  
p i c t u r e .  
A s  t h e  C02 problem c o u l d ,  i n  t h e  s h o r t  and medium t e r m ,  
impose s u b s t a n t i a l  r e s t r i c t i o n s  upon t h e  burn ing  of  f o s s i l  f u e l s ,  
any energy s t r a t e g y  t h a t  i s  framed i n  p r e s e n t  day t echno logy  may 
be s t r o n g l y  c o n d i t i o n e d  by them. So I dec ided  t o  see i f  a  geo- 
e n g i n e e r i n g  approach  may n o t  p rov ide  some concep tua l  l i n e  f o r  
s o l v i n g  t h e  problem o r  a t  l e a s t  minimizing i t s  consequences .  
T h i s  o p e r a t i o n  i s  done i n  t h e  s p i r i t  t h a t  t echno logy  b a s i c a l l y  
should t r y  t o  open new o p t i o n s  o r  a t  l e a s t  keep o l d  o p t i o n s  open.  
NOW, i f  w e  a n a l y z e  t h e  p roce s s  of burn ing  f u e l s  w i t h  an  
eye  on t h e  f a t e  of  ca rbon ,  w e  see t h a t :  
W e  s t a r t  from a v e r y  c o n c e n t r a t e d  form of ca rbon ;  
W e  go t o  a d i l u t i o n  of  ca rbon  of  one o r  two o r d e r s  of 
magnitude i n  t h e  combustion g a s e s ;  
W e  d i l u t e  it a g a i n  pe rhaps  by f i v e  o r  s i x  o r d e r s  of 
magnitude by d i s p e r s i n g  t h e s e  g a s e s  i n t o  t h e  a tmosphere ;  
W e  have t o  w a i t  f o r  t h i s  ve ry  d i l u t e  s t u f f  t o  d i f f u s e  
t h r o u g h  t h e  s u r f a c e  of t h e  s e a  i n t o  t h e  t h i n  mixed upper 
l a y e r  o f  t h e  ocean;  
W e  have t o  w a i t  f o r  t h e  mixed upper l a y e r  of  t h e  ocean t o  
mix w i t h  t h e  b u l k  o f  t h e  semidormant o c e a n i c  mass. 
The c a p a c i t y  o f  t h e  f i n a l  s i n k ,  t h e  o c e a n i c  mass, i s  v e r y  
l a r g e  indeed and w e  may s a f e l y  assume t h a t  once  t h e  d i s s o l v e d  
C02 i s  c o m pl e t e l y  e q u i l i b r a t e d  i t s  l e v e l  i n  t o d a y ' s  a tmosphere  
would be  i n p e r c e p t i b l y  d i f f e r e n t  from t h e  " h i s t o r i c a l "  one  o f  
290ppm. The problem a p p e a r s ,  a t  l e a s t  f o r  t h e  n e x t  100 o r  200 
y e a r s ,  t o  be e s s e n t i a l l y  a  problem of  g l o b a l  k i n e t i c s :  s o  k ine -  
t i c s  i s  t h e  p l a c e  where t h e  c u r e  h a s  t o  be a p p l i e d .  
The o bv i o u s  l i n e  o f  a t t a c k  would be t o  avo id  t h e  whole 
c h a i n  o f  d i l u t i o n s  and i n t e r f a c e s  and t o  p u t  C02 d i r e c t l y  i n t o  
t h e  d e e p  ocean.  T h i s  may s e e m  more e a s i l y  s a i d  t h a n  done,  b u t  
a s  I w i l l  show l a t e r  t h e  b a s i s  f o r  a  t e c h n o l o g i c a l l y  and 
economica l ly  f e a s i b l e  o p e r a t i o n  does  e x i s t .  
W e  w i l l  l o g i c a l l y  d i v i d e  t h e  o p e r a t i o n  i n t o  t h r e e  s t e p s :  
t h e  c o l l e c t i o n  o f  C02, i t s  t r a n s p o r t a t i o n  and d i s p o s a l .  
C02  COLLECTION 
T h i s  i s  n o t  t h e  p l a c e  t o  t h i n k  of  e ach  consumer f i l l i n g  
h i s  own l i t t l e  b a l l o o n s w i t h  C 0 2  t o  b e  p rocessed  by h i s  munici-  
p a l i t y .  The problem h a s  t o  b e  t a c k l e d  upstream. 
Coal :  Today r o u g h l y  80% of  c o a l  i s  used i n  l a r g e  i n s t a l l a -  
t i o n s  such a s  power s t a t i o n s  and b l a s t  f u r n a c e s .  The combustion 
produc t  i n  t h e  f i r s t  c a s e  i s  C 0 2 ,  i n  t h e  second it i s  a  m ix tu r e  
o f  C 0 2  and CO. I n  b o t h  c a s e s  one o f  t h e  numerous ( a  dozen)  
p r o c e s se s  of  s t r i p p i n g  C 0 2  from o t h e r  g a s e s  ( e . g .  t o  s t r i p  C02 
from steam-reformed methane i n  o r d e r  t o  p u r i f y  hydrogen) which 
a r e  c u r r e n t l y  used i n  i n d u s t r y  cou ld  be employed. They a r e  
u s u a l l y  based on a  s c r ubbe r  where C 0 2  i s  f i r s t  d i s s o l v e d  i n  
wa te r  o r  i n  o t h e r  s o l v e n t s  weakly b ind ing  it and i s  l a t e r  l i b e r -  
a t e d  by h e a t i n g  o r  p r e s s u r e  changes.  
I n  power s t a t i o n s  t h i s  p roce s s  cou ld  be a s s o c i a t e d  w i t h  
SO2 sc rubb ing  s o  t h a t  o n l y  n i t r o g e n  i s  f i n a l l y  r e l e a s e d  t o  t h e  
atmosphere.  The f i n a l  p u r i f i c a t i o n  l e v e l  c a n  be a d j u s t e d  i n  a  
t r a d e o f f  w i t h  c o s t .  I f  c o a l  i s  used t o  make s y n t h e t i c  n a t u r a l  
g a s ,  g i v en  t o d a y ' s  e f f i c i e n c i e s  abou t  two t h i r d s  of  t h e  ca rbon  
appear  i n  t h e  C02 a l r e a d y  c o l l e c t e d  by t h e  p r o c e s s  i t s e l f .  
O i l :  - P r a c t i c a l l y  100% of  a l l  c r u d e  o i l  i s  p rocessed  t o -  
d a y  th rough  t h e  r e f i n e r y .  A s  t h e  hydrogen-carbon r a t i o  i s  
g e n e r a l l y  i n c r e a s e d  i n  t h e  r e f i n i n g ,  a  c e r t a i n  f r a c t i o n  
o f  t h e  ca rbon  (20%?)  appea r s  a s  C 0 2 ,  most of  which ha s  a l r e a d y  
been c o l l e c t e d  i n  t h e  p roce s s .  New p r o c e s s e s  have been developed 
r e c e n t l y  t o  produce' SNG from medium-light o i l  f r a c t i o n s  a t  a  
h i g h  energy e f f i c i e n c y  ( -95%) .  Roughly 50% of  t h e  ca rbon  a p p e a r s  
a s  a l r e a d y  c o l l e c t e d  C 0 2 .  S i m i l a r  p r o c e s s e s  u s ing  c rude  o i l  a s  
f e e d  a r e  a t  t h e  p r o t o t y p e  s t a g e .  The c o l l e c t e d  C02 i s  of t h e  
same o r d e r .  
With t h e s e  t e c h n o l o g i c a l  f a c t s  i n  mind, l e t  u s  look  a t  my 
a n a l y s i s  of  world t r e n d s  i n  energy demand, which i n d i c a t e s  a  
s t r o n g  movement toward g a s  f o r  f i x e d  i n s t a l l a t i o n s  i n  t h e  n e x t  
50 y e a r s  [ I ] .  T h i s  means t h a t  i f  a s  a  f i r s t  s t e p  t h e  management 
o f  c o a l  and o i l  w e r e  s l i g h t l y  a d j u s t e d ,  probably  a s  much a s  50% 
o f  t h e  ca rbon  co u l d  be  removed a t  marg ina l  c o s t s  i n  t h e  form of  
c o n c e n t r a t e d  C02 t h a t  would t h e n  be  a v a i l a b l e  f o r  f u r t h e r  pro-  
c e s s i n g .  
The f o l l o w i n g  s t e p  would be more d r a s t i c  and presumably 
more c o s t l y .  I t  c a l l s  f o r  a  t r a n s f o r m a t i o n  of  t h e  pr imary f u e l  
i n t o  a  f i n a l  f u e l  a t  a  p o i n t  where it c a r r i e s  no more ca rbon .  
T h i s  f u e l  c an  be H2, NH3 o r  N2H4. The problems and m e r i t s  of  
a n  energy  system based on hydrogen a s  a  f u e l  h a s  been ana lyzed  
and wide ly  d i s c u s s e d  d u r i n g  t h e  l a s t  f i v e  y e a r s ,  e s p e c i a l l y  i n  
r e l a t i o n  t o  a  widespread u s e  of n u c l e a r  r e a c t o r s  a s  pr imary 
energy  so u r ce s .  I assume t h a t  it i s  a  f e a s i b l e  and h i g h l y  
advantageous  p r o p o s i t i o n  which w i l l  probab ly  b e  t h e  i n e v i t a b l e  
c o n c l u s i o n  o f  two hundred y e a r s  of  e v o l u t i o n  of  t h e  energy 
system. 
I f  hydrogen w i l l  be t h e  f i n a l  energy v e c t o r ,  a l l  CO2 c an  b e  
c o l l e c t e d  a t  t h e  t r a n s f o r m a t i o n  p o i n t  where hydrogen 1s g e n e r a t e d ,  
p robab ly  u s i n g  a  mix o f  f o s s i l  and n u c l e a r  f u e l s .  
CO? TRANSPORTATION 
C02 can  be e a s i l y  compressed t o  a  l i q u i d  of 60-70atm 
a t  room t e mpe ra tu r e .  T h i s  l i q u i d  h a s  a  low v i s c o s i t y  and pumps 
l i k e  wa te r .  I t  can  be t r a n s p o r t e d  i n  p i p e l i n e s  t h a t  a r e  essen-  
t i a l l y  t h e  same a s  t h o s e  f o r  methane. The h i g h  p r e s s u r e s  needed 
t o  c a r r y  C 0 2  i n  a  l i q u i d  form,  even i f  it i s  moderate ly  c h i l l e d ,  
make t h e u s e  of  normal o i l  t a n k e r s  improbable.  But t h e  problem 
h a s  n o t  been examined i n  d e t a i l  and s imple  t r i c k s  may be d i s -  
covered t o  do  t h a t .  S o l i d  C 0 2 ,  f o r  example, can  be p i l e d  on 
b a r g e s .  
For  t h e  s ake  o f  o u r  d i s c u s s i o n  I w i l l  assume t h a t  o n l y  
l i q u i d  C02 i s  c a r r i e d  o v e r l a n d  i n  p i p e l i n e s .  I am a l s o  con- 
f i d e n t  t h a t  t h e  c o s t  o f  t r a n s p o r t i n g  it anywhere w i l l  f i n a l l y  
be lower t h a n  t h e  c o s t  o f  " forward"  f u e l  t r a n s p o r t a t i o n  which 
cou ld  be t a k e n  a s  a  r e f e r e n c e .  
C02 DISPOSAL 
T h i s  cou ld  be done i n  t h e  form of  a  permanent underground 
s t o r a g e ,  e .g.  by u s i n g  exhaus t ed  g a s  f i e l d s .  T h i s  p o s s i b l e  
s t o r a g e  of l i q u i d  C 0 2  a t  p r e s s u r e s  lower t h a n  lOOatm g u a r a n t e e s  
a  l a r g e r  s t o r a g e  c a p a c i t y  t h a n  f o r  t h e  o r i g i n a l  methane, a l t hough  
t h e  s o l u b i l i t y  o f  C02 i n  w a t e r  and t h e  s o l u b i l i z a t i o n  o f  carbon- 
a t e  r o c k s  do  n o t  g u a r a n t e e  a  s i m i l a r  s t a b i l i t y  o v e r  t i m e ,  The 
same c o u ld  be s a i d  f o r  exhaus ted  o i l  f i e l d s  and o t h e r  t y p e s  of  
n a t u r a l  o r  a r t i f i c i a l  c a v i t i e s .  
I d i d  n o t  go i n t o  t h e  d e t a i l s  o f  t h i s  system on t h e  grounds  
t h a t  t h e  c a p a c i t y  o f  n a t u r a l  s t r u c t u r e s  which i s  a v a i l a b l e  a t  
r e a s o n a b l e  c o s t  may be i n s u f f i c i e n t .  The q u e s t i o n ,  however, 
c e r t a i n l y  m e r i t s  a  second thought .  
A s  s a i d  b e f o r e ,  t h e  system I was l ook ing  f o r  i s  one t h a t  
s h o r t c u t s  t h e  a tmosphe r i c  l i n k ,  go ing  d i r e c t l y  t o  t h e  deep ocean.  
The d i s p o s a l  method shou ld  a l s o  s h o r t c u t  t h e  v e r y  slow mixing o f  
o c e a n i c  w a t e r s  and shou ld  consequen t l y  avo id  dumping o v e r  re- 
s t r i c t e d  a r e a s .  The s o l u t i o n  I f i n d  most promis ing is what I 
c a l l  t h e  Gigamixer. I n  t h e  Medi te r ranean ,  t h e  r a t e  of  evapora-  
t i o n  l a r g e l y  exceeds  t h e  i n f l o w  o f  wa t e r  from r i v e r s  and r a i n ,  
t h u s  l e a d i n g  t o  a n  i n c r e a s e  i n  s a l i n i t y  and t o  a  n e t  i n f l ow  
from t h e  A t l a n t i c .  A t  G i b r a l t a r ,  a t  t h e  bot tom of  t h e  S t r a i t ,  
a  c u r r e n t  o f  dense  and warm (130) Medi te r ranean  wa t e r  f l ows  
i n t o  t h e  A t l a n t i c ,  b e i n g  a t  t h e  same t i m e  s u b s t i t u t e d  by s l i g h t l y  
l a r g e r  amounts o f  l i g h t e r  and c o l d e r  A t l a n t i c  wa te r .  The through-  
p u t  o f  e a c h  c u r r e n t  i s  of  a b o u t  -2*106m3/sec. The ou tgo ing  wa t e r  
h a s  a  d e n s i t y  q u i t e  d i f f e r e n t  from t h a t  of  t h e  A t l a n t i c  and it 
s i n k s  g e n t l y ,  l i k e  a  huge and slow w a t e r f a l l ,  moving westwards and 
f i n a l l y  s p r e a d i n g  a t  a n  e q u i l i b r i u m  buoyancy l e v e l  o f  -1 500m. 
The sp r e a d  i s  f l a t  and wide and c o v e r s  p r a c t i c a l l y  a l l  t h e  
A t l a n t i c .  Medi te r ranean  w a t e r  can  be d e t e c t e d  a l s o  i n  t h e  I n d i a n  
Ocean. The phenomenon had been e x t e n s i v e l y  s t u d i e d  i n  t h e  
t h i r t i e s  by G. Wiist ( s e e  f o r  example Ref. [ 2 ] ) ,  i n  t h e  f i f t i e s  
by A.  Defant  [ 3 ] ,  and was r e c e n t l y  modelled by H. Sendner [ 2 1 .  
Thi s  middle  wate r  t h e n  d i f f u s e s  up and down (mainly up) and 
p a r t  of it i s  caught  by t h e  s i n k i n g  c u r r e n t s  i n  t h e  Weddell and 
Norwegian s e a s .  I t  w i l l  presumably n o t  see t h e  l i g h t  b e f o r e  a 
good thousand y e a r s ,  and by t h e n  w i l l  be  thoroughly  mixed w i t h  
t h e  rest. 
Assuming t h a t  o u r  C 0 2  i s  i n j e c t e d  i n  t h e  neighborhood o f  
t h e  S t r a i t  of  G i b r a l t a r  a t  t h e  p roper  p r e s s u r e ,  d e p t h  and amount, 
t h e  c u r r e n t  would spread  and mix it wi th  t h e  c o r e  of t h e  ocean i c  
middle wa te r s .  
How could  t h i s  mixer match t h e  i n p u t ?  What t h e  p e r m i s s i b l e  
C 0 2  c o n c e n t r a t i o n  can  be  i s  an open ques t i on .  One can f i n d  v a l u e s  
i n  t h e  l i t e r a t u r e  which a r e  meant t o  be s a f e  because  t h e y  d o  n o t  
i n t e r f e r e  w i t h  t h e  she l l - fo rming  c a p a c i t y  o f  mol luscs  and o t h e r  
c r e a t u r e s  p r e c i p i t a t i n g  CaC03 f o r  t h e i r  p r i v a t e  use .  According 
t o  W.S. Broecker [ 4 ] ,  l%ocan be  q u i t e  a c c e p t a b l e .  Leaving t h e  
q u e s t i o n  o f  t h e  maximum a l l owab le  l e v e l  t o  f u r t h e r  d i s c u s s i o n ,  
l e t  u s  d e f i n e  some l i n k s  between t h i s  c o n c e n t r a t i o n  and t h e  energy  
u se  of C02. The amount of  i n d u s t r i a l  C 0 2  produced i n  t h e  world 
today  i s ,  accord ing  t o  C.D. Keeling [ 5 ] ,  approximate ly  1 0 l o  t o n s  
p e r  yea r .  The amount of water  pass ing  th rough  t h e  S t r a i t  o f  
G i b r a l t a r  a t  2MT/sec i s  about  1014 t o n s  pe r  yea r .  The r a t i o  o f  
i s  t e n  t i m e s  lower t h a n  t h e  s a f e t y  l i m i t .  Thus t h e  s c a l e  of  t h e  
s i n k  seems t o  match w e l l  wi th  t h a t  o f  t h e  source .  
The fo l l owing  q u e s t i o n  i s  of a l o g i s t i c  c h a r a c t e r .  Should 
a l l  t h e  C 0 2  be  sunk t h e r e ?  The f i r s t  t h i n g  t o  do  obv ious ly  i s  
t o  look f o r  o t h e r  p l a c e s  of  analogous  p r o p e r t i e s  t h a t  a r e  poss ib -  
l y  l o c a t e d  n e a r  energy consumption p o i n t s .  The Red Sea c u r r e n t s  
i n  Bab e l  Mandeb c l o s e l y  s imu la t e  t h o s e  of G i b r a l t a r  a l t hough  
i n  a lower s c a l e .  The p o l e s  have g i g a n t i c  s i n k i n g  r e g i o n s ,  t h o s e  
i n  t h e  Weddell Sea and t h e  Norwegian Sea produce ocean bottom 
wa te r .  The t h r e e  s i tes  do n o t  conform w i t h  t h e  second c o n d i t i o n  
of p rox imi ty  t o  energy consumption p o i n t s .  The s e a r c h  i s  open,  
however. 
Another much more d r a s t i c  s o l u t i o n  h a s  been proposed by 
W.D. Nordhaus [ 6 ] .  The C02 phase diagram shows a sma l l  r e g i o n  
f o r  t empe ra tu r e s  between OOC and loOc, where t h e  d e n s i t y  i s  some- 
how h ighe r  t h a n  1, e .g .  1.05.  The cor responding  p r e s s u r e s  a r e  i n  
t h e  range  o f  1 5 0  t o  300atm. T h i s  means t h a t  a f t e r  i n j e c t i o n  w i t h  
a long p i p e  i n t o  t h e  deep  s e a ,  t h e  l i q u i d  C02 would come o u t  t o  
be  dense r  t h a n  s ea  wate r  and would f a l l  down t o  t h e  bottom. There  
it would make a " l a k e "  o f  LC02 t h a t  i s  somewhat analogous  t o  t h e  
h o t  b r i n e  l a k e s  a t  t h e  bottom o f  t h e  Red Sea. I f  t h e  d e p r e s s i o n  
where t h e  LC02 c o l l e c t s  i s  narrow and deep,  t h i s  form of c o n t a i n -  
ment may w e l l  have a h a l f  l i f e  of c e n t u r i e s ,  a s  on ly  t h e  s lowly  
moving bottom c u r r e n t s  c a r r y  away t h e  C02 t h a t  i s  d i f f u s e d  i n t o  
t h e  wate r  cove r ing  t h e  LC02 pool .  The a n a l y s i s  of  t h e  behav ior  
of t h e  Red Sea b r i n e  p o o l s  and of  o t h e r s  may prov ide  a t r a c e  f o r  
e v a l u a t i n g  t h e  behav ior  of t h i s  kind of s t o r a g e .  
CONCLUSION 
The problem of  t h e  a tmospher ic  C 0 2  l e v e l  a s  a  consequence 
o f  f u e l  burn ing  a p p e a r s  much eased i f  e q u i l i b r i u m  c o n d i t i o n s  w i t h  
t h e  whole o c e a n i c  mass a r e  t a k e n  i n t o  c o n s i d e r a t i o n .  
I n  o r d e r  t o  s h o r t c u t  t h e  s l u g g i s h  k i n e t i c s  of t h a t  equ i -  
l i b r i u m ,  a  C 0 2  management sys tem i s  proposed where C 0 2  i s  c o l -  
l e c t e d  a t  p roper  f u e l  t r a n s f o r m a t i o n  p o i n t s  and f i n a l l y  i n j e c t e d  
i n t o  t h e  deep  s e a s  t a k i n g  advan tage  o f  n a t u r a l  t he rmoha l i ne  c i r -  
c u l a t i o n s .  A rough e v a l u a t i o n  i n d i c a t e s  a  c o s t  t o  t h e  consumer 
o f  1 0 % o f t h e  f u e l  v a l u e  f o r  a  r ecovery  of  50% of  t h e  CO2 and 20% 
c o s t s  f o r  a  r e c o v e r y  o f  90%. These f i g u r e s  shou ld  be  suppo r t ed  
by t h e  d e t a i l e d  d e s i g n  of such  a system f o r  a  s u f f i c i e n t l y  l a r g e  
a r e a ,  e .g .  f o r  Europe. 
' l ' ~ s l m t ' l ' ! ' l ' l ' l ' l ' l ' l ' l ' ! ' l '  
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YEAR 
F i g u r e s  l a  and I b .  C 0 2  p r o d u c t i o n  and accumula t ion  
i n  t h e  a t m o s p h e r e - - h i s t o r i c a l  t r e n d s .  
F i g u r e  l a  shows t h e  p r o d u c t i o n  of  f o s s i l  C 0 2  s i n c e  
t h e  1 8 7 0 ' s  (Source:  Ref.  [ 7 ] ) ;  t h e  s o l i d  c l r c l e s  
a r e  t h e  e s t i m a t e s  o f  R. R e v e l l e  and H.E. Suess  
(1957) ex tended  t o  1890 by OECD e s t i m a t e s ,  t h e  d o t s  
a r e  e s t i m a t e s  of  Keel ing  (1 973) . 
F i g u r e  l b  i l l u s t r a t e s  changes  of  t h e  C02 c o n t e n t  o f  
t h e  a tmosphere  1957 t o  1972 (smoothed v a l u e s )  a s  
g i v e n  by C.A. Ekdahl and C . D .  Keel ing  (1973) (Source:  
Ref.  [ 8 ] ) ,  d a t a  p o i n t s  a r e  s e a s o n a l l y  a d j u s t e d ,  and 
s o l i d  l i n e  (smoothed c u r v e )  by B. B o l i n  and 
W. Bischof (1 970) , i n c l u d i n g  unpub l i shed  d a t a  from 
t h e  r e c e n t  y e a r s  (dashed l i n e ,  smoothed c u r v e )  . 
TOTAL Con IN SEA AND ATMOSPHERE (KG x id7) + 
Figure 2. Equilibrium distribution of C02 between the atmo- 
sphere and the ocean at various ocean temperatures. 
The present addition of "fossil C02" to the system 
is about 1013k~/~ear. <indicates today's level (non- 
equilibrium) of C02 in the atmosphere. The total 
C02 amount in the ocean and atmosphere is 1.42 1017kg. 
(Source: G.N. Plass (1972) Ref. [g]) 

Figures 4a and 4b. Mediterranean water progressing into the 
Atlantic (Source: Ref. [ 2 ]  ) . The salinity 
data in Figure 4a are from G. Wust (1935). 
Figure 4b fits Wust's data using H. Sendner's 
diffusion theory (1958). 
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Figure 5. Temperature-entropy diagram for carbon dioxide (Source: F. Din (1956) Ref. [ l o ] )  
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F i g u r e  6 .  O i l  r e f i n e r i e s  i n  Europe and o i l  p i p e l i n e s .  
(Source :  Ref .  [ I l l )  
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